Periodontal tissue regeneration is an important application area of biomaterials, given the large proportion of the population affected by periodontal diseases like periodontitis. The aim of this study was the synthesis of a novel porous bioceramic scaffold in the SiO 2 -CaO-MgO system with specific properties targeted for alveolar bone tissue regeneration using a modification of the traditional foam replica technique. Since bioceramic scaffolds are considered brittle, scaffolds were also coated with gelatin in order to increase their mechanical stability. Gelatin was chosen for its biocompatibility, biodegradability, low-cost, and low immunogenicity. However, gelatin degrades very fast in water solutions. For this reason, two different cross-linking agents were evaluated. Genipin, a non-toxic gardenia extract and the chemical compound 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) in combination with N-hydroxysuccinimide (NHS), which is also considered non-toxic. The results of the investigation indicated that all scaffolds presented an open, interconnected porosity and pores' sizes in the range of 300-600 lm, fast apatite-forming ability, biocompatibility, and suitable mechanical stability.
Introduction
According to a recent study from Eke et al. 1 who studied the prevalence, severity, and extent of periodontitis in the adult US population in the years 2009 and 2010, over 47% of the sample, representing 64.7 million adults, had periodontitis, distributed as 8.7%, 30.0%, and 8.5% with mild, moderate, and severe periodontitis, respectively. Periodontitis has been defined as the chronic inflammatory disease of the periodontium triggered by bacterial plaque, and is characterized by progressive destruction of the gingiva (gingivitis), alveolar bone, cementum, and periodontal ligament. 2, 3 Currently established techniques for the augmentation of the alveolar bone combine the use of guided tissue regeneration (GTR) with bone grafting materials, osteoinductive substances, biodegradable biomaterials, and topical delivery of growth factors. GTR can be a successful therapeutic method for tooth survival and prognosis, however real bone regeneration cannot be achieved. 4 Even though autografts are considered the 'gold standard' for periodontal tissue repair, they hold certain drawbacks, including the necessity for a second stage surgery. 5 Nevertheless, on the basis of current understanding of the molecular and cell biology of periodontal development and regeneration, the introduction of a filler material into a periodontal bony defect is a rather simplistic approach, which is no longer acceptable. 6 Novel scientific approaches in tissue engineering combine the applications of GTR with an artificial extracellular matrix (ECM), carried out by scaffolding materials, which are loaded with cells and signaling molecules such as growth factors, cultured in vitro, and subsequently implanted into tissue defects to induce and direct the growth of new tissue. [7] [8] [9] Favoring cell adhesion and proliferation, scaffolds should provide a suitable 3D environment to ensure new tissue formation. 10 The most important demands on bone regeneration scaffolds include a porous structure, high biocompatibility as well as a degradation rate matching the bone's regeneration rate. 11 Magnesium (Mg) is an intracellular earth metal and an essential element for the human body, where about 24 g (1 mol) of Mg ions per 70 kg of body mass can be found. Owing to its bioactivity, biodegradability, and bioresorbability, elemental Mg has been proven fundamental for bone remodeling applications and has been used for the fabrication of tissue engineering scaffolds. 12, 13 Elemental Mg favors adhesion, proliferation, and growth of osteoblastic cells. 12, 14 At the same time Mg inhibits proliferation of bone resorbing osteoclasts. 12 Furthermore, Mg 2þ divalent cations are associated with the formation of biological appetites, which are essential to promote the bonding between a medical device and the surrounding tissue. 12 The aim of this study was thus to synthesize a novel Mg-containing scaffold by the combination of the traditional foam replica technique 15 and the sol-gel method, in order to obtain scaffolds that fulfill the essential requirements for bone tissue regeneration, including appropriate architectural characteristics for tissue ingrowth and vascularization, osteoconductivity, biocompatibility, and mechanical stability. One approach being explored to increase the mechanical properties of highly porous brittle bioceramic scaffolds is the coating with biodegradable polymers. 16 In this study, this approach was adapted using gelatin.
Materials and methods

Glass-ceramic synthesis and scaffolds preparation
The sol-gel technique was used to synthesize scaffolds of the composition (in mol%) 60SiO 2 -30CaO-10MgO (60S10Mg). In brief, to prepare the sol, deionized (DI) water was mixed with 2 M HNO 3 , tetraethyl orthosilicate (TEOS), soluble calcium nitrate tetrahydrate (Ca(NO 3 ) 2 Á6H 2 O), and soluble magnesium nitrate hexahydrate (Mg(NO 3 ) 2 Á6H 2 O) in this order using molar ratios H 2 O/TEOS of 12:1 and volume ratios H 2 O/ HNO 3 of 6:1. After complete dissolution of all reactants, polyurethane sponges (45 ppi) were immersed in the solution for 5 min before being allowed to dry on a Petri dish at room temperature (RT) for 24 h. After 24 h the foams were again immersed in a suspension of the same composition and airblown so as to remove the excess of liquid. This procedure was repeated nine times. Aging, drying, and chemical stabilization of the prepared scaffolds were carried out in a muffle furnace (Nabertherm L9/12) according to Saravanapavan et al., 17, 18 while the final stabilization temperature was selected to be 860 C. The specific temperature was selected according to pilot experiments 9 to ensure the sintering of the scaffolds as well as their biocompatibility.
To enhance their mechanical stability, the scaffolds were coated with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide / N-hydroxysuccinimide (EDC/NHS) cross-linked gelatin. For the gelatin coating, the appropriate amount of gelatin powder from porcine skin (Sigma-Aldrich, USA) was added to DI water keeping constant the gelatin/DI water ratio (gelatin/DI water-¼ 100/1) and heated up to 50 C while being stirred until the gelatin powder was dissolved completely. Subsequently, all scaffolds were immersed in the gelatin solution and the excess of solution was removed by gentle air blow and left to dry overnight at RT. This procedure was repeated twice. After drying, the gelatin coating was cross-linked by immersion in an ethanolic solution of EDC solution at 4 C for 24 h. The concentration of EDC was selected to be 25 mM and the molar ratio of EDC/NHS was kept constant at 2.5:1.
Structural and morphological characterization of the scaffolds
Structural characterization. The structural characterization of the synthesized scaffolds was carried out by X-ray diffractometry (XRD) and Fourier transform infrared spectroscopy (FTIR). In both cases the sintered scaffolds were crashed down, so as to produce powdered samples. The XRD measurements were performed using a D8 ADVANCE X-ray diffractometer (Bruker, Madison) equipped with a VÅ NTEC-1 detector. The patterns were recorded in the 2Theta range using Cu Ka radiation (k ¼ 0.15406 nm) in the range 20 -60 with a step size of 0.014 /step and accumulation time of 3.0 s per step. The powders were dispersed in ethanol and the solution was dripped on off-axis cut, low background silicon wafers (Bruker AXS, Germany). All spectra were background corrected and Ka2 was stripped mathematically. FTIR transmittance spectra were performed using an FTIR spectrometer (Nicolet, USA) in the MIR region (4000-400 cm À1 ) with a resolution of 4 cm À1 by the KBr pellet technique.
Morphological characterization. Scanning electron microscopy (SEM, Quanta 200, FEI, The Netherlands) was used to characterize the glass-ceramic scaffolds' morphology and topography. All scaffolds were gold coated before being observed with SEM. The porosity p of all scaffolds was calculated by the equation:
where the density d scaffold of the scaffolds was determined from their mass and dimensions and the d solid was calculated by the Archimede's method. All measurements were performed in triplicates.
In vitro apatite-forming ability evaluation
The in vitro apatite-forming ability of all coated and non-coated 60S10Mg scaffolds was evaluated by immersion in simulated body fluid (SBF), as proposed by Kokubo et al. 19 All experiments were performed in triplicates, while the powder to liquid ratio was kept constant at 75 mg/50 mL. The samples were kept in a standard shaking incubator (37 C and 120 Hz, IKA, Germany) for 1, 3, 6, and 10 days. Finally, the apatite formation on the surface of the struts was evaluated by FTIR spectroscopy and SEM measurements.
In vitro biocompatibility evaluation
The biocompatibility of all scaffolds with and without coating was evaluated in contact with a stromal cell line (ST2), derived from mouse bone marrow. Six scaffolds from each category were disinfected by immersion in 70 vol% ethanol solution for 1 h. After disinfection the samples were washed with phosphate-buffered saline (PBS, Gibco Õ ) and were placed into a single well of a 24-well plate (Corning, Cambridge, MA). A 1.5 mL of Roswell Park Memorial Institute medium (RPMI) supplemented with 10 vol% fetal bovine serum (FBS, Sigma-Aldrich) and 1 vol% penicillin and streptomycin (Life Technologies) containing 10 6 cells was added to each well. Since it is really difficult to assess the results of 3D cultures when you use a 2D culture as control, the non-coated scaffolds were selected to serve as the control material. All samples and controls were incubated at 37 C in a humidified atmosphere (5% CO 2 in 95% air, Steri-Cycle, Thermo Fisher Scientific). Every two days the medium was renewed and the samples were flipped to achieve uniform cell distribution.
Lactate dehydrogenase (LDH) activity. The cell proliferation was evaluated by the LDH assay. To obtain cell lysate, 1 mL of lysis buffer was added to each well and was left to react for 30 min at 25 C. Subsequently, the cell extracts were centrifuged (2000 r/min, 5 min) and 140 lL of the lysed cell solution was added in cuvette to be treated with 60 lL of an LDH assay mixture, which was prepared by mixing an LDH assay substrate solution with LDH assay dye solution and LDH assay cofactor solution (Sigma-Aldrich) in a ratio of 1 Statistical analysis. One-way analysis of variance (ANOVA), Bonferroni's multiple comparison tests, and paired sample T-test were used to determine whether differences in group means were statistically significant. The significance was considered to increase from significant (when p < 0.05) to very significant (when p < 0.01), and highly significant (when p < 0.001).
Mechanical properties investigation
For the mechanical properties investigation, the scaffolds were observed with an optical microscope and those presenting large flaws were excluded. Ten scaffolds from each category were immediately loaded on a universal testing machine for compression tests (Instron 3344) with a cross-head speed of 0.5 mm/min until break. Compression strength was calculated from the ultimate load at fracture and the cross sectional area of the specimens. Paired sample T-test was used to determine whether differences in group means were statistically significant. The significance increased from significant (when p < 0.05), very significant (when p < 0.01), or highly significant (when p < 0.001).
Results and discussion
Structural and morphological characterization of the scaffolds Structural characterization. The main crystalline phases, as identified by the XRD pattern (Figure 1(a) ), were diopside (CaMg(Si 2 O 6 ), ICDD card 71-1067), clinoenstatite (MgSiO 3 , ICDD card 73-1758), and Ca-olivine (Ca 2 SiO 4 , ICDD card 70-2450). These results were confirmed by FTIR spectroscopy, since the FTIR spectrum presented the peaks at 665 and 632 cm À1 , which have been attributed to diopside 20, 21 as well as the peaks at 700 and 750 cm À1 that can be assigned to clinoenstatite. 21, 22 Finally, even though Ca-olivine has been reported not to present any characteristic bands in the MIR region (4000-400 cm À1 ) of the FTIR spectrum, 23, 24 the peak at 800 cm À1 that can be attributed to the symmetric stretching mode of Si-O bonds has been previously connected with the formation of a Caolivine phase. 23, 24 Morphological characterization. The morphology and structure of the fabricated sol-gel scaffolds are illustrated in Figure 2 (i). It is obvious-and here lies the advantage of the sol-gel technique-that all sol-gel scaffolds present dense struts, which increase their mechanical stability, even though the strut dimensions of the sol-gel scaffolds (Figure 2 (i)) are in the same size range of the scaffolds prepared by the traditional foam replica technique (Figure 2(ii) ). Furthermore, the pores of all sol-gel scaffolds were completely interconnected exhibiting a porosity of 93% (AE1), while the SEM pictures presented a pore size of about 300-600 mm and strut thickness of about 50-100 lm (Figure 2(i) ). These findings indicated an architecture of adequate porosity and mean pore diameter for cell penetration, vascularization, and nutrient and metabolic waste transportation. 7, 8, 25 The architectural characteristics of all scaffolds after being coated with EDC/NHS cross-linked gelatin (EG coating) and genipin cross-linked gelatin (GG coating) are illustrated in Figure 3 (i) and (ii), respectively. Both pictures reveal the interconnected and uniform 3D structure of the coated scaffolds, while their morphology is obviously altered, since the struts are enwrapped by the gelatin layer. Even though some of the pores in the SEM pictures ( Figure 3 ) seem to be blocked by a gelatin layer, the porosity evaluation revealed a mean porosity of 95 (AE1) and 93.3 (AE0.8) for the EG and GG coated samples, respectively.
The importance of scaffold porosity for bone regeneration has been shown by several researchers. 11, 26, 27 Porous structures that present a total open porosity of more than 90% have been proven to promote tissue ingrowth, since they allow cells migration and proliferation as well as matrix deposition in the empty spaces. Furthermore, the presence of an interconnected network of pores facilitates blood vessels invasion and nutrient delivery. 7, [26] [27] [28] Finally, the mean pore size plays a fundamental role in bone tissue engineering, since small pores inhibit cell migration and limit the diffusion of nutrients and removal of waste products. 29, 30 On the other hand, too large pores limit cell attachment due to the decrease of the specific surface area. 31 Even though the optimum mean pore size has not been determined yet and it is bound to depend on the specific tissue to be regenerated, a mean pore diameter of 300-500 lm has been recommended by several researchers. 7, 29 On this basis, the scaffolds fabricated in this study present adequate architectural characteristics, since they presented an open, interconnected porosity higher than 90% and pores' sizes in the range 300-600 lm.
In vitro apatite-forming ability evaluation
The FTIR spectra of all three scaffold categories before and after immersion in SBF solution are presented in Figure 4 . Before immersion, all spectra show the characteristic peaks of the non-coated scaffold described in ''Structural and morphological characterization of the scaffolds'' section, since the coating layer was obviously too thin to be detected by the FTIR spectrometer. In all cases, after one day of immersion the formation of peaks at 1100-1035, 800, and 550-600 cm À1 can be observed. These alterations of the FTIR spectra indicate the formation of a Ca-P layer on the surface of the scaffold struts after even one day of immersion, while this amorphous Ca-P layer is gradually transformed in a hydroxyapatite (HCAp) layer after 10 days of immersion as revealed by the formation of the double peak at 563-603 cm À1 that can be attributed to the P-O bending vibration as well as the peak at 1035 assigned to the P-O stretching vibration. 32 Furthermore, the formation of a carbonated layer (HCAp) is supported by the formation of the peaks at 1460 and 870 cm À1 that can be attributed to the stretching and bending vibration, respectively, of the C-O bond in the HCAp molecule. 33 These findings were supported by SEM analysis (Figure 5 ), which revealed that after 10 days of immersion a thick layer that presents the characteristic morphology of HCAp has covered the entire surface of the struts. Even though, the effectiveness of bioactivity studies in SBF in predicting bone attachment has been questioned, 34 the ability of an artificial material to form a carbonated HCAp layer on its surface after immersion in a simulated body fluid solution is a useful indication of bioactive behavior and it is a convenient method to compare the bioreactivity of different materials. [35] [36] [37] Osteoconductivity is a basic requirement for all materials for bone regeneration, since it not only eliminates the formation of fibrous tissue encapsulation but it also promotes the formation of a strong bond between the scaffold and host bone. 7 Concerning the results of this study, all coated and non-coated scaffolds presented a rather quick surface reactivity in SBF, since the onset of a Ca-P layer formation on their surface occurred after one day of immersion and this amorphous layer transformed in HCAp after 10 days of immersion. These results suggest the possible osteoconductive behavior of the synthesized materials and indicate the necessity for further in vitro and in vivo experiments.
Biocompatibility evaluation
The biocompatibility of the coated and non-coated scaffolds was evaluated colorimetrically. WST analysis was carried out and LDH activity was measured. Normalized results of the coated materials in comparison to the value of the non-coated material are illustrated in Figure 6 . Concerning the WST analysis, the values of the coated scaffolds were significantly higher (p < < 0.001 in both cases) than the values of the noncoated ones, while EG coated scaffolds presented significantly higher (p < 0.01) cell viability than the GG coated scaffold. Furthermore, regarding the LDH activity, both coated scaffolds presented again significantly higher values (p ¼ 0.027 and 0.030 for the EG and GG coating, respectively) than the non-coated scaffolds. However, there were no significant differences (p ¼ 0.862) between the mean values of the two different coatings.
The high cell viability in contact with both coated and non-coated scaffolds was further supported by SEM images (Figure 7) which revealed that in all cases the cells have attached and spread on the entire surface of the struts. It seems that mostly in the case of the coated scaffolds, the cultured cells are homogenously distributed over the whole surface of the struts. Apart from specific architectural characteristics and osteoconductivity, a scaffold for bone tissue regeneration should foster cell attachment, differentiation, and proliferation. 7, 8 This requirement was clearly fulfilled in the case of the synthesized scaffolds of the present study, indicating that the combination of Mgbased silicate scaffolds and gelatin is a promising approach to develop bone tissue scaffolds with sufficient bioactivity and cell attachment ability.
Mechanical properties investigation
The values of mean compressive strength of all scaffolds are presented in Figure 8 . The non-coated scaffolds showed a mean value of 0.006 AE 0.001 MPa, while both GG and EG coated scaffolds presented statistically significant higher (p < < 0.001 in both cases) mean values of compressive strength with EG coated scaffolds and GG coated scaffolds presenting values of 0.032 AE 0.009 and 0.030 AE 0.006 MPa, respectively. Furthermore, the work of fracture, which is an indication of the brittleness of the material, was significantly (p < 0.001) increased from 0.73 AE 0.23 J for the uncoated scaffold to 2.95 AE 0.81 and 3.50 AE 1.10 J for the EG and GG scaffolds, respectively. Finally, it is worth mentioning that, according to preliminary results, the GG coated scaffolds presented a significantly higher mean strength value (data not shown) after incubation with cells for 14 days. The alveolar bone is a combination of an external cortical plate of dense bone and a trabecular bone occupying the inner area of the alveolar process. 4, 38 The tooth is mainly supported by the bundle bone, which can be defined as the portion of the bone of the alveolar process that surrounds the teeth. The extrinsic collagen fibers of the periodontal ligament (Sharpey's fibers) are embedded within this bundle bone and are running almost perpendicular to the surface of the struts. 38, 39 The strength of the cortical bone as well as the entire mandible has been found to behave anisotropically with the later presenting mean yield compressive stress values of 200, 110, and 100 MPa in longitudinal, tangential and radial direction, respectively. 40 Due to the anisotropic behavior of the alveolar bone, there is no specific mechanical strength requirement for scaffolds intended for alveolar bone regeneration. Concerning the scaffolds synthesized in the present study, even though the uncoated scaffolds presented originally quite low mean strength values, the presence of gelatin increased significantly the work of fracture as well as the structural integrity of the scaffolds rendering them sufficiently robust for safe handling for further in vitro studies. Furthermore, the compressive strength of scaffolds should increase significantly after incubation with cells as a result of the cells attaching and spreading on the surface of the struts forming a uniform layer that fills the cracks of the material. A second mechanism that can been proposed for the higher compressive strength after incubation is based on the collagen secretion from the cells that has been suggested to attach on bioceramic surfaces and fill surface defects, such as micropores and microcracks. 41 
Conclusions
This study was undertaken to synthesize Mg-containing silicate scaffolds by the combination of the traditional foam replica and sol-gel techniques that fulfill the basic requirements for bone tissue regeneration, including (a) appropriate architectural characteristics for tissue ingrowth and vascularization, (b) osteoconductivity, (c) biocompatibility, and (d) mechanical stability. Indeed, the fabricated scaffolds presented a 3D interconnected pore network and a total porosity of more than 90%, while the in vitro apatite formation ability evaluation of all scaffolds indicated the formation of apatite on the scaffold surfaces after 10 days of immersion in SBF, indicating the osteoconductive character of the scaffolds Concerning the third requirement, all materials were proven to promote attachment, spreading, and proliferation of ST-2 stromal cells. Finally, even though all materials presented relatively low compressive strength, the mechanical stability was enhanced by the presence of gelatin. It was also found that the mechanical strength of the scaffolds could be significantly improved after incubation with cells. However, this is a point of interest for future work.
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